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Abstract

Background: Glyphosate-based herbicides ((BH) are the major pesticides used worldwide. Converging evidence
suggests that GBH, such as Roundup, pose a particular health risk to liver and kidneys although low environmentally
relevant doses have not been examined. To address this issue, a 2-year study in rats administering 0.1 ppb Roundup
(50 ng/L glyphosate equivalent) via drinking water (giving a daily intake of 4 ng/kg bw/day of glyphosate) was
conducted. A marked increased incidence of anatomorphological and blood/urine biochemical changes was
indicative of liver and kidney structure and functional pathology. In order to confirm these findings we have
conducted a transcriptome microarray analysis of the liver and kidneys from these same animals,

Results: The expression of 4224 and 4447 transcript clusters (a group of probes corresponding {o a known or
putative gene) were found to be altered respectively in liver and kidney (p <0.01, g <0.08). Changes in gene
expression varied from -35 to 3.7 fold in liver and from -4.3 to 5.3 in kidneys. Among the 1319 transcript
clusters whose expression was altered in both tissues, ontological enrichment in 3 functional categories among
868 genes were found. First, genes involved in mRNA splicing and small nucleolarRNA were mostly upregulated,
suggesting disruption of normal spliceosome activity. Electron microscopic analysis of hepatocytes confirmed nucleolar
structural disruption. Second, genes controlling chromatin structure (especially histone-lysine N-methyltransferases)
were mostly upregulated. Third, genes related to respiratory chain complex | and the tricarboxylic acid cycle were
mostly downregulated. Pathway analysis suggests a modulation of the mTOR and phosphatidylinositolsignalling
pathways. Gene disturbances associated with the chronic administration of ultra-low dose Roundup reflect a liver

and kidney lipotoxic condition and increased cellular growth that may be linked with regeneration in response to
toxic effects causing damage to tissues. Observed alterations in gene expression were consistent with fibrosis,
necrosis, phospholipidosis, mitochondrial membrane dysfunction and ischemia, which correlate with and thus
confirm observations of pathology made at an anatomical, histological and biochemical level.

Conclusion: Our results suggest that chronic exposure to a GBH in an established laboratory animal toxicity model
system at an ultra-low, environmental dose can result in liver and kidney damage with potential significant health
implications for animal and human populations.
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Background

Glyphosate-based herbicides (GBH), such as Roundup,
are the major pesticides used worldwide. GBH are cur-
rently applied on at least 24 % of the total global cropland
(Benbrook C, personal communication), and also used
extensively in domestic and urban environments. Resi-
dues of GBH are routinely detected in foodstuffs [1, 2]
and also drinking water contaminated via rain, surface
runoff and leaching into groundwater, thereby increasing
possible routes of exposure [3]. Epidemiological data on
the human body burden of GBH residues is very limited
but evidence suggests that glyphosate and its metabolites
are wide-spread [4].

Glyphosate’s primary perceived mode of herbicidal
action is to inhibit 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS) of the shikimate aromatic amino acid
biosynthesis pathway present in plants and some bac-
teria. Since this pathway is absent in vertebrates, it is
generally assumed that glyphosate poses minimal health
risks to mammals, including humans [5]. However, con-
verging evidence suggests that GBH residues pose a par-
ticular risk to kidney and liver function. Hepatic effects
of glyphosate were first observed in the 1980s, including
its ability to disrupt liver mitochondrial oxidative phos-
phorylation [6]. As glyphosate can act as a protonophore
increasing mitochondrial membrane permeability to pro-
tons and Ca?* [7], it can trigger the production of react-
ive oxygen species resulting in observed oxidative stress
[8]. Elevation in oxidative stress markers is detected in
rat liver and kidney after subchronic exposure to GBH
at the United States permitted glyphosate concentration
of 700 ug/L in drinking water [9]. Hepatic histological
changes and alterations of clinical biochemistry are de-
tected in rats consuming 4.87 mg/kg body weight (bw)
glyphosate every 2 days over 75 days [10].

Metabolic studies in a variety of laboratory and farm
animals show levels of glyphosate and aminomethylpho-
sphonic acid (AMPA, the principal breakdown product
of glyphosate) in kidney and liver tissues that are 10- to
100-fold or even greater than the levels found in fat,
muscle, and most other tissues [11]. In farm animals,
elevated glyphosate urinary levels are correlated with
alterations in blood serum parameters indicative of liver
and kidney oxidative stress and depletion in nutrient
trace element levels [12].

In addition to these cytotoxic effects, studies have sug-
gested that GBH can disrupt several endocrine-signaling
systems, including estrogen [13] and retinoic acid [14].
Endocrine disruptive effects may explain reproductive
developmental impairment in rats exposed to sub-lethal
doses of GBH [15]. Effects on retinoic acid signalling
pathways have been proposed to account for the poten-
tial teratogenic effects of GBH in mammals [16] and
amphibians [14].
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Nevertheless, it should be noted that most results from
these GBH toxicity studies were obtained at doses far
greater than general human population exposure. Doses
tested were typically over the glyphosate acceptable daily
intake (ADI), which is currently set at 0.3 mg/kg bw/day
within the European Union and 1.75 mg/kg bw/day in
the USA based on hepatorenal toxicity measurements
after chronic exposure in rats, although GBH toxicity
was not investigated in life-long experiments.

In order to address this issue, a 2-year study was con-
ducted where rats were administered via drinking water
at a concentration of 0.1 ppb Roundup, thus containing
not only glyphosate but also adjuvants [17]. The gly-
phosate equivalent concentration was 0.05 ug/L and
corresponds to an admissible concentration within the
European Union (0.1 ug/L) and USA (700 ug/L). The
resuits showed that Roundup caused an increased
incidence of anatomical signs of pathologies, as well as
changes in urine and blood biochemical parameters
suggestive of liver and kidney functional insufficiency
in both sexes. In an effort to confirm these findings
through a more quantitative molecular biological ap-
proach and obtain insight into the alterations in gene ex-
pression profiles associated with the observed increased
signs of kidney and liver anatomorphological pathologies,
we conducted a full transcriptomic analysis of these or-
gans from the female cohort of animals. A large number
of transcript clusters (>4000) were found to be altered in
their level of expression in both the liver and kidneys of
the Roundup treated group relative to controls and to a
very high statistical significance. The alterations in gene
expression profiles are typical of disturbances measured
in cases of fibrosis, necrosis, phospholipidosis, mitochon-
drial membrane dysfunction and ischemia. Therefore our
results confirm the ultra-low dose Roundup-induced
increased incidence of hepatorenal pathologies suggested
by observations at an anatomical, histological and bio-
chemical level.

Methods

Experimental design

The tissues analyzed in this study were obtained from
animals as previously described [17]. Briefly, the experi-
mental protocol was as follows. Following 20 days of
acclimatization, 5 week old Harlan Sprague—Dawley rats
were randomly assigned on a weight basis into groups of
10 animals. Animals were fed with the standard diet AC4
(Safe, France) including 33 % maize DKC 2675 over
2 years. All feed formulations consisted of a balanced
diet, chemically measured as substantially equivalent. All
animals were kept in polycarbonate cages (820 cm?,
Genestil, France). The location of each cage within the
experimental room was regularly changed. The litter
(Toplit classic, Safe, France) was replaced twice weekly.
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The animals were maintained at 22+3 °C under
controlled humidity (45 to 65 %) and air purity with a
12 h-light/dark cycle, with free access to food and water.
All reagents used were of analytical grade. The animal
experimental protocol was conducted in accordance with
the regulations of the local ethics committee in an animal
care unit authorized by the French Ministries of Agricul-
ture and Research (Agreement Number A35-288-1).
Animal experiments were performed according to ethical
guidelines of animal experimentation (regulation CEE
86/609).

Groups of 10 animals had access to either plain water
(control) or to the same water supplemented with 1.1e-8 %
of Roundup (0.1 ppb or 50 ng/L glyphosate equivalent
dilution). The commercial formulation of Roundup used
was Grand Travaux Plus (450 g/L glyphosate, approval
2020448; Monsanto, Belgium). The required level of
Roundup dilution in drinking water was confirmed by
measurement of glyphosate concentration by HPLC-MS/
MS. Similarly, glyphosate stability in solution was studied
and validated during the 7 day period between two prepara-
tions of the test, treatment solutions. Glyphosate and
AMPA were not found in the feed at the limit of detection
of 5 mg/kg.

Toxicity analysis

Twice-weekly monitoring allowed careful observation and
palpation of animals, recording of clinical signs, identifi-
cation and measurement of any tumours, food and water
consumption, and individual body weight. Measurement
of mortality rates, anatomopathology (on 34 different
organs), serum biochemistry (31 parameters) and urine
composition (11 parameters) have been extensively
described [17].

For transmission electron microscopy, liver fragments
were fixed in pre-chilled 2 % paraformaldehyde/2.5 %
glutaraidehyde in 0.1 M phosphate buffered saline pH 74
at 4 °C for 3 h and processed as previously described
[18]. Evaluation of cell, cytoplasm and nuclear area, and
nuclear-cytoplasmic ratio was determined from measure-
ments on 30 hepatocytes per animal. Cell nuclear param-
eters (% heterochromatin, pore density, fibrillar centers
area, % fibrillar centers, % dense fibrillar components and
% granular components) were measured on 10 nuclei per
animal.

Tissue sampling and RNA extraction

Animals were sacrificed at the same time of day during
the course of the study either to comply with animai
welfare regulations to avoid unnecessary suffering (for
example, resulting from 25 % body weight loss, presence
of tumours over 25 % bodyweight, hemorrhagic bleeding,
or prostration) or at the termination of the study period
of 2 years. Animals were sacrificed by exsanguination
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under isoflurane anesthesia. The liver was divided into
two portions; one was shap frozen in liquid nitrogen/dry
ice and stored at -80 °C. One kidney was also shap
frozen. (Note: due to handling errors at the company
employed to conduct the experiment, one kidney sample
from the Roundup treatment group was unavailable for
analysis).

Transverse cross sectional slices of liver and Kkidneys
were processed for total RNA extraction using MagMax-
96 for Microarrays Total RNA Isolation Kit (Ambion,
Life Technologies Ltd, Paisley, UK).

Microarray hybridization

Total RNA (500 ng) was labelled using terminal deoxy-
nucleotidyl transferase (TdT) in the presence of a pro-
prietary biotinylated compound using the Ambion whole
transcript Expression kit and the whole transcript Ter-
minal Labelling kit (Affymetrix UK Ltd., High Wycombe,
UK), following standard protocols. We employed the
Affymetrix GeneChi®Rat Gene 2.0 ST Array containing
approximately 610400 probes grouped into 214,300
exon-level and 26,400 gene-level probe sets. The median
number of probes per transcript is 22, usually distributed
along the entire transcript sequence. Overall, this micro-
array covers 28407 refseq transcripts including 16,771
protein coding transcripts. By comparison, version 5.0
annotation of the rat (strain BN/SsNHsdMCW) genome
assembly contains 30,404 transcripts including 22777
coding genes. The analysis was performed at the level of
transcript clusters. We also used the MetaCore Analyt-
ical Suite to perform the transcription factor and the
pathway and toxicity process analysis based on network
objects recognized by MetaCore.

Hybridisation cocktails were applied to Affymetrix Rat
Gene 2.0 microarrays, and processed in accordance with
the manufacturers recommended procedure using the
GCS3000 microarray system (Affymetrix). Array data was
exported as cell intensity (CEL) files for further analysis.

Microarray data analysis

CEL files were normalised together in the Expression
Console software package (Affymetrix), using the Robust
Multi-array Average (RMA) sketch algorithm (gene-level).
Data was quality control assessed by using standard met-
rics and guidelines for the Affymetrix microarray system.
Normalised data files (CHP files) were imported into
Omics Explorer 3.0 (Qlucore) for further quality control
and statistical analysis. It was decided to include all genes
in the tests as there is no simple measure of presence/
absence with RMA normalized data from Rat Gene
2.0 ST arrays. Although it risks a higher false discovery
rate, all data collected were subjected to the statistical
tests so as not to inadvertently filter out important
genes based on an arbitrary detection threshold. Data
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used for the functional analysis were selected at the cut
off values of p<0.01 with FC >1.1 to use large gene lists
as recommended [19]. The g-values, an estimate of the
false discovery rate, were the p-values corrected using the
Benjamini-Hochberg procedure and were below 8 %.

Gene ontology, pathways, gene networks, transcription
factor binding and disease ontology were analyzed using
the Thomson Reuters MetaCore Analytical Suite recog-
nizing network objects (proteins, protein complexes or
groups, peptides, RNA species, compounds among others)
and/or the NIH Database for Annotation, Visualization
and Integrated Discovery Bioinformatics Resources 6.7,
recognizing individual coding genes, using recommended
analytical parameters [19]. These microarray data have
been submitted to Gene Omnibus and are accessible
through accession number GSEG6060.

Microarray data validation by real-time qPCR

In order to validate the list of differentially expressed/
regulated genes revealed by microarray analysis, we ran-
domly selected a subset of 18 genes for analysis by real-
time quantitative PCR (RT-gPCR) using the original
RNA samples as starting material. Total RNA (2 ug) was
converted to cDNA with the High Capacity RNA-to-
cDNA kit (Applied Biosystems, Life Technologies Ltd,
Paisley, UK), and gene expression measurements were
assessed by RT-gPCR using TagMan Gene Expression
assays and TagMan Universal PCR Master Mix (Applied
Biosystems). Housekeeping genes used as endogenous
controls were of two types: 1) three standard historically
used housekeeping genes (Gapdh, Hprt1, Actb) (from
the GeNorm list) as being among the most invariant
transcript clusters from microarray datasets; that is,
genes with the lowest standard deviation across alil rele-
vant samples, and with high or comparable expression
level, and 2) Pes1, a gene which is not sex- and/or multi-
hormone-regulated in rat studies [20]. Delta Ct methods
were used to normalise the expression of the chosen
genes of interest against the average of the endogenous
control genes. Group fold changes and log ratios (relative
to control groups) were calculated using the RQ method
in DataAssist v3.0 software (Applied Biosystems).

Results

Tissue selection

The rat liver and kidney tissues that formed the starting
material for this investigation were obtained from animals
that formed part of a chronic (2 year) toxicity study
looking at the effects of Roundup pesticide [17]. Roundup
was administered via drinking water to Sprague—Dawley
rats at a regulatory admissible dose (50 ng/L glyphosate
equivalent dilution) and which is representative of what
may be found in contaminated tap water. At this dose,
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the glyphosate equivalent average daily intake of Roundup
was approximately 4 ng/kg bw/day of glyphosate.

Male animals suffered from liver and kidney damage
more acutely than females, resulting in an increased rate
of premature death [17]. Most male rats were discovered
after death had occurred. This resulted in organ necrosis
making them unsuitable for further analysis and thus
they were excluded from transcriptome profiling. We
therefore focused our investigation on female animals
where freshly dissected tissues from cohorts of 9-10
euthanised treated and untreated rats were available.

Female control and Roundup-treated animals were re-
spectively euthanized at 701 +/- 62 and 635 +/- 131 days
(Additional file 1). Anatomopathological analysis of organs
from these animals revealed that the liver and kidneys
were the most affected organs [17]. Roundup-treated
female rats showed 3 times more anatomical signs of
pathology (15 in 8 rats) than the control group (6 in 4
rats). In addition, serum and urine biochemical analysis
showed increased levels of serum triglycerides. While no
severe anatomical kidney damage was detected, biochem-
ical analysis revealed a decrease in blood Na, Cl, P and K
levels and a corresponding increase in urine suggesting
ion leakage and decreased urinary creatinine. Taken to-
gether these alterations in blood and urinary biochemical
parameters suggest an impairment of kidney function.
Overall, twice the number of biochemical parameters was
disturbed in kidney than what can be expected by chance.
Furthermore, a testosterone/estrogen imbalance was evi-
dent with testosteroneserum levels significantly increased
by 97 % by comparison to controls, while estradiol serum
levels were decreased by 26 %. These observations to-
gether with pituitary gland disturbances suggest endocrine
disrupting effects.

Electron microscopic analysis of liver sections from
these animals showed nucleolar disruption in hepatocytes
(Fig. 1). There was a statistically significant increase of cell
and cytoplasmic area. No major cell structural damage
was observed. However, the nuclear morphometry ana-
lysis showed that hepatocytes of Roundup-treated female
rats had a statistically significant higher heterochromatin
content, a reduced dense fibrillar component and a con-
comitant increase in granular component in comparison
to controls indicating a disruption of nucleolar function
and overall decreased level of transcription (Fig. 1a). In
addition, a cytoplasmic dispersion of glycogen was also
observed in the Roundup treated group (Fig. 1b).

Transcriptome patterns segregate liver and kidney
samples based on Roundup treatment

In an attempt to confirm the anatomopathological ef-
fects in a more quantitative manner and to gain insight
into the gene expression profiles that are associated with
the signs of pathology observed in the liver and kidneys,
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Fig. 1 Alterations in hepatocyte nuclear architecture in female Roundup-treated rats suggests transcriptional disturbances. Liver from control (C)
and Roundup R) treated female rats were subjected to an ultrastructural electron microscopic analysis to investigate subcelluiar architecture.
a Quantification of morphometric analysis of hepatocytes revealing alterationsin subnuclear (heterochromatin, dense fibrillar, granular) compartments
indicative of a reduced transcriptional status. Morphometric parametersare represented by their mean and their standard deviation. A two-tailed
unpaired t-test was used as astandard test for statistical comparisons (***, p <0.001). b Representative electron micrographs comparing hepatocytes
from control (upper panel) and Roundup-treated (lower panel) rats showing a disruption of glycogen dispersion (G). N nucleus,R rough endoplasmic
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we conducted a full transcriptome microarray analysis of
these organs. We began by undertaking an unsupervised
Principal Component Analysis (PCA) of the dataset,
which reduces a high-dimensional expression profile to
single variables (components) retaining most of the vari-
ation (Fig. 2a). As control and Roundup-treated animals
were sacrificed at various ages, we initially conducted a
PCA analysis where individual animals were sorted by
age {(oldest vs youngest), to ascertain if differences in
transcriptome profiles correlate with this parameter
(Additional file 2). This showed that the statistical con-
trol values were weak, with no segregation of the oldest
and youngest animals in either control or Roundup-
treated groups, indicating that age was not a major
source of difference. By contrast, a clear separation was
observed between control and Roundup-treated rats
based on treatment (Fig. 2a; Additional files 3 and 4).
Even if the principal components only account for

~30 % of the observed variation, which seems quite low,
this high level view of the data showed a homogeneous
segregation and a low intragroup variability, as well as
the absence of outliers. Figure 2b shows the statistical
significance (by Student’s t-tests) of differential transcript
cluster expression by volcano plots along with respective
fold changes (FC) (Fig. 2b), where a transcript cluster
constitutes a group of exon clusters (each exon cluster
composed of different probes) corresponding to a known
or putative gene. Overall, gene expression changes varied
from -3.5 to 3.7 fold in liver and from -4.3 to 5.3 in
kidneys. The expression of 57 and 226 transcript clusters
were respectively disturbed in liver and kidney over an
FC of 2. Akr1b1 (FC of -4.3, p=2.2E-5) and Ten1 (FC of
-3.5, p=7.3E-4) were the most down-regulated genes
respectively in liver and kidneys The most up-regulated
transcripts were small nucleolar RNAs (snoRNAs),
ENSRNOTO00000053015 in liver (FC=3.7, p=3.0E-6)
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Fig. 2 Wide-scale transcriptome profile alteration in liver and kidneys of Roundup-treated female rats. Liver and kidneys from control rats and
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animals receiving 0.1 ppb Roundup (50 ng/L glyphosate equivalent dilution) in drinking water were subjected to a full transcriptome microarray
analysis. a PCA analysis of transcript cluster expression profiles shows a distinct separation into groups of treated (red) and control (green) rats in
both kidney and liver samples. Numbers by data points denote age at time of death in days. b Volcano plots of the liver and kidney transcriptome
profiles showing the log 2 fold changes and the —log10 p-values in transcript cluster expression induced by Roundup exposure compared to
controls. Data were selected at the cut off values p <0.01 and fold change >1.1. Red dots represent genes commonly disturbed between liver and
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and ENSRNOTO00000068958 in kidneys (FC=53, p=
8.6E-7). Large statistical significance (p-values up to 2.3E-
10 in liver) was observed. A large number of transcript
clusters were significantly disturbed below stringent
g-value thresholds (Table 1). In addition, the statistical
analysis of simulated random samples confirms that
the degree of statistical difference between control and
Roundup treatment groups are far greater than what can
be expected by chance (Table 1).

Data used in functional analysis were selected at the
cut off values of p<0.01 and q<0.08 with FC >1.1 for
use with large gene lists as previously recommended
[19]. A Venn diagram comparing liver and kidney tran-
script cluster expression profiles at an FC >1.1 (Fig. 3a)
indicates that even if most of the disturbances were tis-
sue specific, 1319 transcript clusters were commonly
disturbed between the two organs. A comparison at a
frequently selected cut off threshold of FC>2 again
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Table 1 Number of transcript clusters whose expression is
disturbed at different cut-off threshold p-values

p-value Liver Kidney Random
005 8606021 86561021 18350098)
001 422 4(0.08) 4447(0.08) 380(0.96)
0001 15931002 1894002 3109
0.0001 630(0.006) 764(0.005) 1 {0.95)
0.00001 230(0.002) 2 9(0.002) 0

The number in superscript parenthesis is the maximal g-value (calcutated
using Benjamini-Hochberg method according to corresponding to the number
of genes found disturbed at increasing (0.05 to 0.00001) p-value stringency.

A statistical analysis of simulated random samples was also performed to
estimate effects that would be expected to arise by chance

resuits with most changes in gene expression being
specific to either liver or kidney but with a total of 20
genes being commonly disturbed in both organs (Fig. 3b).
The FC, p-value and g-value for all genes whose expres-
sion is commonly disturbed in both liver and kidney are
shown in Additional file 5.

Out of these, 18 genes were randomly selected for val-
idation of the microarray resuits by RT-gPCR (Additional
file 6). The overall pattern of the RT-gPCR results

Fold change >1.1

Fold change | »2 ,

Fig. 3 Large spectrum of transcript cluster expression is commonly
disturbed in liver and kidney by Roundup. Venn diagrams showing
numbers of genes commonly disturbed in liver and kidneys as
revealed by transcriptome analysis at cut off threshold values of

p <001 and fold change >1.1 (a) and >2 (b)
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confirmed the microarray data with 86 % of the genes
found to be similarly up- or down-regulated by both
methods.

Gene function alterations involved in mitochondrial
respiration, spliceosome function and chromatin structure
modification is associated with Roundup treatment

We next conducted an ontology analysis of the 1319 tran-
script clusters commonly deregulated in liver and kidney
using the DAVID gene functional classification tool to
reveal the most affected gene categories. As a result 868
genes were recognised. The 8 clusters of functional dis-
turbances having enrichment scores over 2 are presented
in Table 2. All have significant p-values and Benjamini
corrected p value (g-values). A total of 3 major affected
gene networks were identified.

First, two clusters were related to spliceosome function.
This included genes encoding cleavage and polyadenyla-
tion specific factors (Cpsf2, Cpsf3 and Cpsf7), heteroge-
neous nuclear ribonucleoproteins (Hnrnpl, Hnrnpf) and
splicing factors (Sf3b5, Sf3at1). Expression of all of these
genes was upregulated with the exception of Cpsf3. Other
genes involved in RNA splicing, such as Luc7I3, Pnn,
Prpfdb, Pnisr, Prpf39, Srek1, Ddx39b and Ddx39a, were
significantly upregulated. Additionally, expression of at
least 160 non-coding snoRNAs were found to be altered
with almost all being upregulated with a large FC of up
to 5.32 for ENSRNOTO00000068958in kidneys. Second,
two clusters consisted of members of the chromatin
modification family of enzymes, in particular histone-
lysine N-methyltransferases. Expression of the 7 genes
(Men1, Setdb1, Suvd20h2, Dot1l, Ehmt1, Ehmt2, Nsd1)
belonging to this cluster was upregulated. Other genes
with a related ontology (M1i2, Mii4, Tet3, Baz2a, Dnmt3a,
Brd1, Brd4, Ino80d or Arid4b), which are not taken into
account in the cluster of enriched biological functions,
were also upregulated. Most also belong to the family of
histone-lysine N-methyltransferase complexes that specif-
ically methylate lysine residues of histone H3 (Lys4, 9, 20
or 79) or H4 (Lys-20) among others, tagging them for
chromatin condensation. In addition, most of these are
also included in a larger disturbed cluster of 40 genes
involved in negative regulation of macromolecule biosyn-
thetic processes.

Third, functional disturbance of genes involved in mi-
tochondrial metabolism was represented by two clusters,
especially related to respiratory chain complex | and the
TCA cycle. Expression of most of these genes was re-
pressed. A total of 7 genes encoding NADH dehydro-
genase (ubiquinone) complex | of the mitochondrial
respiratory chain were found disturbed, with 6 of them
being downregulated. Additionally, the genes encoding
isocitrate dehydrogenases (Idh3B and 1dh3g), succinate
dehydrogenase (Sdhc), succinate-CoA ligases (Sucla2 and
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Table 2 Functional clustering of genes derived using the DAVID gene functional classification tool

B Term in DAVID n p value E g-value
42 GO.0010558 ~ negative regulation of macromolecule biosynthetic process 40 3705 20 7963
GO0031327 ~ negative regulation of cellular biosynthetic process 40 6005 20 11E2
GO:0009890 ~ negative regulation of biosynthetic process 40 93E05 19 16e-2
38 GO0016279 ~ protein-lysine N-methyltransferase activity 7 5005 97 51E3
GO0016278 ~ lysine N-methyltransferase activity 7 5005 97 51E3
GO:0018024 ~ histone-lysine N-methyltransferase activity 7 5005 97 51E3
GO:0042054 ~ histone methyltransferase activity 7 3004 72 232
GO:0008276 ~ protein methyltransferase activity 7 25603 50 772
33 GO:0000377 ~RNA splicing, via transesterification reactions with bulged adenosine as nucleophile 15 48504 30 60E-2
GO:0000375 ~RNA splicing, via transesterification reactions 15 48504 30 60E-2
GO:0000398 ~ nuclear mRNA splicing, via spliceosome 15 48504 30 60E-2
33 IPROO0S04RNA recognition motif, RNP-1 17 40E-04 28 31E1
SMOO360RRM 17 51204 27 9862
IPRO12677-Nucleotide-binding, alpha-beta plait 17 6.1E-04 27 251
23 GO:0006099 ~ tricarboxylic acid cycle 6 17203 66 1561
GO:0046356 ~ acetyl-CoA catabolic process 6 2103 63 1.7E-1
GO:0009109 ~ coenzyme catabolic process 6 3703 56 231
GO:0009060 ~ aerobic respiration 6 44E-03 54 251
GO:0051187 ~ cofactor catabolic process 6 8103 47 34E-1
rmo00020Citrate cycle (TCA cycle) 6 92603 45 1.7E-1
GO:0006084 ~ acetyl-CoA metabolic process 6 1902 38 4.7E1
22 GO:0030964 ~ NADH dehydrogenase complex 5 3703 75 71E2
GO:0045271 ~ respiratory chain complex | 5 3703 75 71E2
GO:0005747 ~ mitochondrial respiratory chain complex | 5 3703 75 71E2
GO:0005746 ~ mitochondrial respiratory chain 5 43602 37 31E-1
21 GO:0016571 ~ histone methylation 8 14503 69 1.3E-1
GO:0008213 ~ protein amino acid alkylation 6 1902 38 4.7E41
GO:0006479 ~ protein amino acid methylation 6 1902 38 4.7E41
21 [PR0O01440 Tetratricopeptide TPR-1 9 45603 34 5861
IPRO19734 Tetratricopeptide repeat 9 1002 29 7261
SMO0028TFR 9 12602 28 571

The rat genome was used as a background list to calculate the p-values of each term. A total of 868 genes were recognised. The p-values were calculated
according to a modified Fishers exact test EASE score). The g-values were calculated according to the Benjamini-Hochberg method. Cluster enrichment scores
(ES) and fold enrichment (FE) rank overall importance (enrichment) of gene groups or the statistically most overrepresented (enriched) biological annotations.

The highest classification stringency was used

Suclg?) and mitochondrial F1 complex ATP synthases
(AtpSb and AtpSd) were downregulated. These data
suggest that activities of mitochondrial complexes, in
particular respiratory activity, are depressed.

These 3 major enriched biological functions are pre-
sented by organ-specific heat maps using hierarchical
clustering of samples (Fig. 4). Our results show genes
related to mitochondrial respiration and the TCA cycle
are mostly repressed while those involved in mRNA spli-
cing and histone modification are upregulated.

Roundup-associated changes may occur via sex-hormone

signaling pathways

The gene ontology analysis (Table 2) indicates a modula-
tion of cell signalling pathways has taken place. The GO
biological processes GO:0007264 “small GTPase mediated
signal transduction” (21 genes, p=1.2E-&,=1.2E-1)and
GO:0007242 “intracellular signalling cascade” (57 genes,
p=2.2E-33=1.7E-1) are enriched among genes com-
monly disturbed in liver and kidneys. Additionally, the
networks highlighted by this analysis that may account for
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(See figure on previous page.)

Fig. 4 Heatmaps of the three major ontologically enriched biological functions from transcriptome analysis of liver and kidneys. The ontologically
enriched biological functions (Table 2) derived from the alteration in gene expression patterns commonly disturbed in liver and kidneys from
Roundup treated female rats (Figs. 2 and 3) with respect relative to mRNA splicing via spliceosome (G0:0000398, in blue), histone modification
(G0O:0016570, in yellow) and cellular respiration and TCA cycle (GO:0045333 and GO:0006099, in pink), were grouped on organ-specific heatmaps
using hierarchical clustering of samples (C, control; R Roundup) and variables (gene symbols). A distinct separation based on direction (up- or
down-regulation) of gene expression, biological function and organ between Roundup-treated and control animals is discernible

the disturbance in gene expression were centred on
the transcription factors Creb1 (280 genes regulated,
p~0), c-Myc (159 genes regulated, p~0), Yyt (113
genes regulated, p <4.8E-234), Oct3/4 (94 genes reguiated
p <6.7E-194) and Esr1 (83 genes regulated, p <8.E-171)
(Additional file 7). These transcription factors are intim-
ately connected in regulation of gene expression and can
be involved in hormone signalling pathways.

In this context, it is noteworthy that the gene encoding
the androgen receptor is statistically significantly down-
regulated in liver (FC=-14, p=8.1E-3, q=7.7E-2) and
kidneys (FC=-1.32, p=29E-3, q=3.8E-2). In addition,
the retinoid X receptor beta gene (Rxrb) is significantly

annotation for the adipocytokine signalling pathway (in-
volving mTOR) (19 genes, p=24E-3, q=0.06) and the
phosphatidylinositol signalling system (21 genes, p = 6E-4,
q=10.05) are enriched. However, expression of Star, which
has been suggested by previous studies to mediate
endocrine disrupting effects of Roundup in MA-10 Leydig
tumor cells [21], and of Esr1, Esr2 and aromatase
(Cyp19a1), which were found disturbed in the human
HepG2 hepatocyte cell line [22], were not found to be
dysregulated in this investigation.

Alterations in transcriptome profile suggest liver and
kidney anatomorphopathogy

upregulated in liver (FC=12, p=3.5E-5q=3.2E-3) Scoring maps for pathways and toxicity processes (Fig. 5)

and Kkidneys (FC=1.36, q=4.5E-6g9=1.2E-3)In
addition, the KEGG annotation for the mTOR signal-
ling pathway (14 genes, p=64E-3, q=021) and the
phosphatidylinositol signalling system (16 genes, p = 1.3E-
2, q=0.29) are enriched in liver. In kidney, the KEGG

indicates that multiple cellular functions could be in-
volved. Out of the 4224 liver and 4447 kidney transcript
clusters found to be altered, 2636 and 2933 network ob-
jects were respectively recognized by GeneGO Metacore.
Mapped pathways related to inflammatory responses,
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Cytoskeleton remodeling m
TGF, WHT and cytoskeletal remodeling W
Cy&%&emcm mmade mgmr%n mgrzalmg W
Epigenstic mguiatmn of gene expression m
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Fig. 5 Toxicity ontology analysis of genes disturbed in liver and kidneys of Roundup-treated rats. List of top 10 scoring pathway and toxicity
process networks revealed by MetaCore analysis of female liver and kidney transcriptome profiles receiving 0.1 ppb of Roundup in drinking water
(p <0.01, fold changes >1.1). The p-values are determined by hyper-geometric calculation
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which can be secondary outcomes to organ damage, are
enriched (for instance, those involving NF-kB or CD28
signalling). Various pathways associated with the cyto-
skeleton are also enriched, suggestive of a change in
cellular growth in an effort to overcome toxic effects
and to regenerate damaged tissues. In this regard the
enrichment of the proinsulin C-peptide signalling path-
way in liver (14 genes, p=24E-5 q=1.2E-3) involving
mTOR and the phosphatidylinositol signalling systems is
of note since it has an established role in cellular prolif-
eration and lipid metabolism. Other maps confirmed the
induction of intracellular signalling pathways and an
influence on the balance between proliferation and
apoptosis. The regulation of translation by EIF4F activity
(16 genes, p=1.2E-6, q=8.1E-5), another mTOR regu-
lated function, is also disturbed.

Furthermore, the GO “metabolic process’ and “cellular
response to stress” processes have low p-values in liver
(respectively p=3.7E-58 and 3.9E-16) and kidneys (p=
1.5E-49 and 1.0E-14), which strongly suggest a state of
metabolic stress. Overall, toxicity process analysis revealed
gene expression disturbances associated with apoptosis,
necrosis, phospholipidosis, mitochondrial membrane dys-
function and ischemia. Thus the alteration in the tran-
scriptome profile identified in this study correlates with
the observed increased signs of anatomical and functional
pathology of the liver and kidneys.

Discussion

We report here the first in vivo transcriptome investiga-
tion in a mammalian species following long-term (2 year)
exposure to an agricultural GBH (Roundup) at an en-
vironmentally relevant dose. Our results confirm the
increased incidence of liver and kidney pathologies de-
scribed at an anatomorphological and blood/urine bio-
chemical level in female rats administered with Roundup
in drinking water at a regulatory admissible, ultra-low
dose 50 ng/L glyphosate equivalent concentration [17].
The levels of glyphosate consumption were approxi-
mately 4 ng/kg bw/day, which are well below giobal ADI
values. We observed a wide-scale, treatment-associated
alteration in gene expression patterns at a high statistical
significance in both the liver and kidneys (Figs. 2 and 3;
Table 1). Gene ontology analysis of these transcriptome
alterations is linked with a marked change in mitochon-
drial respiration, spliceosome activity, chromatin structure
and hormone signalling pathways (Table 2). Collectively,
the alterations in gene expression (Fig. 4) are associated
with a deregulation of tissue homeostasis at the level of
proliferation-apoptosisbalance (Fig. 5) and thus correlates
well with the increased signs of liver and kidney anatom-
ical, histological and blood/urine biochemical pathologies
described in these animals [17]. Also of note is that
the Roundup-treatment associated alterations in gene
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expression patterns we observe do not correspond to
transcriptome signatures of liver necrosis provoked by
acute hepatotoxicants [23].

Following the recommended analytical approach for
large sets of genes [19], we observed a large number
(>4000) whose expression was altered in both the liver
and Kkidneys within the Roundup treatment group
(Fig. 3a). In the majority of cases the change in level of
transcription was below 2-fold (Fig. 3a and b) but to a
highly statistically significant degree (p <0.01). These
observations imply that low but consistent changes in
expression of a large number of genes can provide suffi-
cient statistical resolution to be informative regarding
any organ pathology that may be present.

However, given the large number of gene functions
altered in both the liver and kidneys within the Roundup
treatment group, this represents a combination of effects
resulting from the pathology of these organs as well as a
direct impact of the pesticide. Thus it is not possible
from our investigation to definitively distinguish the
primary effects of Roundup on the liver and kidney tran-
scriptome from the secondary effects on gene expression
arising from the pathology present in these organs. Never-
theless, the smaller cohort of genes found to be commonly
disturbed in liver and kidney (Fig. 3; Additional file 5) may
provide insight into those systems that may be the primary
targets of this herbicide (Table 2). Our results highlight
the need for future GBH toxicity studies where organ
transcriptome is determined prior to appearance of the
overt liver and kidney pathologies observed at late-stage
termination as in this instance. Thus transcriptomedistur-
bances that may ultimately lead to the later stage organ
pathologies may be identified. In addition, the clinical
relevance of our observations remains to be ascertained,
particularly as there is limited data available on glyphosate
levels within humans [4].

Findings from studies where mice were fed diets con-
taining Roundup-tolerant genetically modified soybeans
[18, 24] are consistent with our observations. Animals
showed disruptions in hepatocyte nuclear architecture,
decreased expression of certain respiratory enzymes, a
disturbance of splicing activity and marked increased liver
ageing. In addition, similar observations were made with
rat hepatocytes treated with Roundup in vitro [25], sug-
gesting that alterations in nucleolar and mitochondrial
function may be a direct primary effect of this herbicide.

Previous studies, albeit at much higher doses, have
shown that glyphosate can uncouple liver mitochondrial
oxidative phosphorylation [6] and induce non-specific
membrane permeabilization and a depletion of succinate-
dependent respiratory indexes in isolated rat mitochon-
dria [26]. The mode of glyphosate inhibition of EPSPS in
plants is by competitive inhibition of phosphoenolpyr-
uvate (PEP) substrate binding at the enzyme active site
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[5]. Enzymes binding PEP are regulators of energy metab-
olism in particular through the TCA cycle. Glyphosate
off-target effects may include the disruption of these
enzymes. Indeed, glyphosate can interact at the substrate
binding site and potentially inhibit mitochondrial succin-
ate dehydrogenase [27]. Furthermore, as small molecule
chelators of zinc can perturb spliceosome assembly and
activity of chromatin modifying enzymes [28], glyphosate
may also have exerted direct effects on spliceosome
function due to its metal chelating properties (Patent No:
US 3160632; [29]).

The increased incidence of Roundup-associated liver
and kidney pathologies [17] confirmed in this report may
be arising from multiple sources as there is increasing
evidence to suggest that GBH and glyphosate can bring
about toxic effects via different mechanisms depending
upon the level of exposure. However, toxic effects have
been recorded in most instances at levels of glyphosate
and/or GBH exposures [10, 15] far in excess of the uitra-
low dose administered to the animals in this investiga-
tion. Thus it is difficult to definitively attribute one or
more mechanisms of toxicity observed at these higher
dose levels to the liver and kidney pathologies seen in
our study. Nevertheless, our observation of a major accu-
mulation of snoRNAs in both liver and kidneys of the
Roundup-treated group (Fig. 3, Table 2) supports the
possibility of damage arising from oxidative stress as
these are known to play a critical role in amplifying the
effects of reactive oxygen species and downstream oxida-
tive stress-mediated tissue injury [30]. The study by
Michel and colleagues demonstrated the induction of
snoRNA expression as a functional link between the pro-
gress of lipotoxic cell death and the deleterious cellular
response to oxidative stress [30]. Lipotoxicity manifests
itself as enhanced oxidative stress and as elevated proin-
flammatory signalling, often associated with abnormal
insulin action [31]. It is noteworthy that we found distur-
bances in the pathways associated with these biological
processes in our study (Fig. 5).

In addition, the analysis of pathways revealed dis-
turbances in the modulation of mTOR and phos-
phatidylinositol signalling systems, both linked to the
regulation of lipid synthesis among other major cellu-
lar functions [32]. Phosphoinositide 3-kinase transduces
signals from various factors into intracellular messages
by generating phospholipids, the disruption of which is
among the major toxicity endpoint processes observed in
the liver and kidneys in this study (Fig. 5). Overall, these
results suggest an involvement of lipotoxic stress associ-
ated with elevated oxidative stress and proinflammatory
signalling, which is a halimark of chronic liver and kidney
disease [33].

Chronic lipotoxic conditions in our study are also
corroborated by biochemical analysis showing increased
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levels of serum triglycerides [17]. In some circumstances,
excess free fatty acids induce apoptotic cell death [33].
Our analysis also indicates changes in intraceliular
pathways possibly underlying a change in cell growth,
such as the proinsulin C-peptide signalling pathway as
well as the mTOR and the phosphatidylinositol signal-
ling systems. Tissue homeostasis relies on a delicate
balance between apoptosis and cellular proliferation.
When oxidative stress provokes apoptosis, injured cells
are generally replaced through increased proliferation.
Interestingly, similar resuits have recently been re-
ported where transcriptome analysis of brown trout ex-
posed to glyphosate or Roundup at a concentration
(10 pg/L) typicailly found in the environment, revealed
an over-representation of pathways involved in oxida-
tive stress, apoptosis, and the regulation of cell prolifer-
ation [34]. However, although there is evidence to
suggest that glyphosate can inhibit muitiple cellular
functions such as mitochondrial respiration, and en-
zyme activities other than EPSPS within the shikimate
pathway, the existence of such direct mechanisms of
interference at the low environmental dose tested here
currently remains unknown and thus needs further
exploration.

The proliferation/apoptosis imbalance may aiso have
been either caused or promoted by a chronic disruption of
the endocrine system and the activation or repression of
signalling pathways. Activation of phosphoinositide 3-
kinase (PI3K) by hormones such as estrogens [35] results
in a global downreguiation of genes encoding members of
the TCA cycle and oxidative phosphorylation, defective
mitochondria, and reduced respiration [36]. Hormones
and their nuclear receptors have dynamic interactions
with chromatin remodeling complexes and spliceosome
function [37]. As we have observed a disturbance in estro-
gen/testosterone balance and pituitary dysfunction in the
animals studied here [17], a link between the disturbed
gene expression patternsand pathologies via an endocrine
disruptive mechanism is plausible, especially as endocrine
disruptive effects can occur at very low doses [38]. Fur-
thermore, the top-scoring transcription factor networks
that can account for the observed Roundup-associated
alterations in gene expression presented here are centered
on Creb1, Esr1, Yy1, c-Myc and Oct3/4 (Fig. 4), which
cooperate to regulate gene expression following hormonal
stimulation [39]. Hormonal imbalance is generally as-
sociated with kidney or liver failure [40]. Furthermore,
glyphosate has been found to act as an estrogen
agonist in human breast cancer cell assays stimulating
growth at comparable concentrations to the native
hormone [13, 41]. This estrogenic potential of glypho-
sate may have contributed to the trend in increased
mammary tumor incidence in the Roundup-treated rats
analysed in this investigation [17].

EPA-HQ-2017-000442-0000182



Mesnage et al. Environmental Health (2015)14:70

An important consideration is that Roundup is not a
single compound, but a mixture of an active ingredient
(glyphosate) combined with various adjuvants, which
are required to stabilise and allow penetration of gly-
phosate into plants. In short term acute exposures,
some adjuvants can be considered as responsible of
Roundup toxicity [42]. However, as adjuvant compos-
ition is proprietary and not fully disclosed, it is not pos-
sible to attribute the toxicity of the whole agricuitural
herbicide formulation to a given component. Thus the
results from our study are not directly comparable to
others testing glyphosate alone. The resuits we present
may be specific for the formulation studied, because
the toxicity of different GBH adjuvants can vary by a
factor 100 at least based on assays involving a 24 h ex-
posure to human tissue culture cells [42]. Future stud-
ies involving the administration of glyphosate alone
would shed light on this issue.

In summary, the alterations in transcriptome profile
were detected well below the glyphosate ADI (0.3 mg/kg
bw/day) set within the European Union, and is within the
range admitted in drinking water (0.1 ppb) and foodstuffs
(for example, 20 ppm in GM soybeans or 2 ppm in
bovine kidneys). As a probable endocrine disruptor,
GBH/glyphosate may alter the functioning of hormonal
systems and gene expression profiles via different mecha-
nisms depending on the dose. Future metabolomic and
proteomic studies of these organs could provide further
mechanistic insight into the observed Roundup-mediated
pathological process.

Conclusions

It was previously known that glyphosate consumption
in water above authorized limits may provoke kidney
failure and reproductive difficuities [43]. The results of
the study presented here indicate that consumption of
far lower levels of a GBH formulation, at admissible
glyphosate-equivalent concentrations, are associated
with wide-scale alterations of the liver and kidney tran-
scriptome that correlate with the observed signs of hep-
atic and kidney anatomorphological and biochemical
pathological changes in these organs [17]. In addition,
as the dose of Roundup we investigated is environmen-
tally relevant in terms of human [4], domesticated ani-
mals [12] and wildlife [34, 44] levels of exposure, our
results potentially have significant health implications
for animal and human populations. Furthermore, data
also suggests that new studies incorporating testing
principles from endocrinology and developmental epi-
genetics, in particular to evaluate the endocrine disrup-
tive capability of GBH/glyphosate, should be performed
to investigate potential consequences of low dose ex-
posure during early life as well as in aduits.
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Additional files

Additional file 1: Metadata. Metadata of the liver and kidney samples
used for the microarray analysis including age of rafs at the time of
death via euthanasia. (XLSX 10 kb)

Additional file 2: PCA analysis fails to reveal a correlation between
alterations in franscriptome profile and age at the time of death.
Groups of 5 rats from the control and Roundup treatment categories
were generated so that 5 animals with an earlier time of death (yeliow
spheres) were compared to 5 that were euthanised at a latter timepoint
(purple spheres) in a PCA analysis. No significant differences in transcript
cluster expression profiles were observed on this basis with samples from
earlier and latter death timepoints being intermixed. For example, for
livers, the transcript cluster expression profile of 10 rats with an earlier
death timepoint (609 +/- 125 days) taken from controls (5 rats) and
Roundup treated groups (5 rats) compared to the 10 animals with latter
death (727 +/- 11 days) had a g-value of 0.99. (DOCX 42 kb)

Additional file 3: Video of the PCA analysis shows a distinct
separation into groups of freated (red) and control (green) rats
in liver samples. YWMV 1131 kb)

Additional file 4: Video of the PCA analysis shows a distinct
separation into groups of freated (red) and control (green) rats
in kidney samples. (YWMV 1248 kb)

Additional file 5: Common transcript cluster disturbances in liver
and kidneys of rats receiving 0.1 ppb Roundup in drinking water.
ID is the Affymetrix transcript cluster identification number, FC indicates
the fold change (upregulated transcript clusters highlighted in red;
downregulated transcript clusters highlighted in green), P is the p-value
(two-sided t-test) and g the false discovery rate (computed using the
Benjamini-Hochberg method). The most significant differences (p <0.001)
are highlighted in grey and were generated at the cut off values p <0.01
and FC >1.1 by using Qlucore Omics Explorer 3.0. Genes with fold
change in expression >2 are highlighted in yellow. (DOCX 180 kb)

Additional file 8: Microarray data is confirmed by RT-gPCR analysis.
A total of 18 genes were randomly selected among the 1319 transcript
clusters whose expression was commonly up- or downregulated in liver
and kidneys as shown by microarray analysis, were chosen for validation
by RT-gPCR Data from the microarray analysis is depicted in grey bars
and that from the RT-gPCR in black bars. The RT-gPCR was performed by
TagMan assay in quadruplicate and standardised against 4 reference
genes (Gapdh, Hprt1, Actb and Pest). Two-tailed Student’s t-test was
performed comparing the Roundup-treated group fo their respective
controls (* p <005, ** p <001, ***p <0.001). The overall pattern of the
RT-gPCR confirmed the microarray analysis results. (DOCX 38 kb)

Additional file 7: Transcription factor networks associated with
transcriptional alteration of genes commonly disturbed in liver and
kidneys. The list of transcript clusters commonly disturbed in liver and
kidneys is used for generation of networks using Transcription Regulation
algorithm with default settings with MetaCore. (TIFF 4891 kb)
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